Aims Long-term nitrogen (N) fertilization has profound impacts on community structure and ecosystem function, but little is known about its effects on plant phenology. Furthermore, no published study has examined effects of N chemical forms on plant phenology.
iNTRODUCTiON
Plant phenological responses to environmental changes have been extensively documented at the ecosystem scale by remote sensing (Myneni et al. 1997; Zhou et al. 2001 ), and at the species level by site-specific observation (Menzel et al. 2006; Parmesan and Yohe 2003; Root et al. 2003; Sparks and Carey 1995; Walther et al. 2002) . Many of these studies identified a close correlation between advanced spring phenology and recent temperature rising (Gordo and Sanz 2005; Walther et al. 2002; Zhang et al. 2007) , and thus attributed the advanced vegetation green-up to global warming (Van der Jeugd et al. 2009 ). However, some long-term experiments manipulating other aspects of global changes, have also witnessed the influence of shifting precipitation, rising CO 2 concentrations, snowmelt, drought and increasing soil nitrogen (N) availability on plant phenology (Cornelius et al. 2013; Dunne et al. 2003; Fuhrer 2003; Hautier et al. 2009; Johnson 2010; Liancourt et al. 2012; Spence et al. 2014) . Therefore, it is critical to disentangle the influence from other drivers that may co-occur with global warming in order to better understand the mechanism causing shifts of plant phenology.
Global warming can accelerate the decomposition of soil organic matter in ecosystems with typically low temperatures, which may lead to an increase in soil N availability (Arft et al. 1999; Dunne et al. 2003; Fitter and Fitter 2002; Menzel 2000) . Increasing N availability can further alter plant phenology. Plant phenological phases, (e.g. bud burst, flowering, fruiting, leaf-out and senescence) are associated with nutrient requirements by plants (Goll et al. 2012; Harrison et al. 2008; von Felten et al. 2009; Whitfield et al. 1998) . Soil nutrient availability is especially crucial in the timing of the switch from the vegetative to the reproductive phase (Bernier 1988) . Shifts in phenology among species can contribute to species coexistence by reducing competition for soil nutrients, pollinators or other resources (Rathcke and Lacey 1985) . So far, however, little is known about how nutrient availability affects phenology of plant species with different life histories, such as early-flowering and late-flowering species (but see Wookey et al. 1993; Xia and Wan 2013) , and how plant species regulate temporal dispersion of phenology to optimize resources among coexisting species. We hypothesized that increasing N available would advance reproductive phenological phases of early-flowering species but delayed those of late-flowering species.
N is an essential element for plant growth, development and reproduction (Nasholm et al. 1998; Niu et al. 2008; Xia and Wan 2013; Zhang et al. 2014) . Increasing soil N availability due to rising atmospheric N deposition, agricultural N fertilization and accelerating decomposition of soil organic matter, together with soil warming, mitigates the N-limitation to plant growth in some terrestrial ecosystems (Galloway et al. 2008; Xia and Wan 2008) . Besides N availability, the composition of N in terms of its chemical forms in background soil has been markedly altered due to external inputs of N with different proportions of ammonium (NH 4 -N) and nitrate (NO 3 -N) (Martens-Habbena et al. 2009; McKane et al. 2002) . Relative background availabilities of nitrate and ammonium are different among ecosystems and depend on the geological substrate, soil pH, soil moisture regime and soil microbial metabolic processes (Russell 1973) . External inputs of N also vary greatly in composition (Stevens et al. 2011) . For instance, N emitted from agricultural sources such as cattle manure may be high in its reduced form (e.g. ammonia easily transforms into ammonium; Krupa 2003; Wathes et al. 1997) , while inputs derived from industrial or combustion engine emissions tend to be dominated by oxidized N forms (e.g. NO x easily transforms into nitrate; Fowler et al. 1998; Galloway et al. 2008) . Plasticity in N uptake of different chemical forms and shifting N form preference have been confirmed in field and microcosm communities (Andersen and Turner 2013; Ashton et al. 2010; Harrison et al. 2008; . However, we know little about how long-term changes in N chemical forms affect plant phenology or temporal dispersion of phenology (phenological complementarity) among species.
We hypothesized that effects of increasing N availability on plant phenology would vary with N chemical forms.
In an alpine meadow on the Tibetan Plateau, we monitored reproductive phenology of six common plant species after 8 years of fertilization with different N chemical forms (ammonium, nitrate and ammonium nitrate). Specifically, we addressed the following questions. For each of the control plots, 5 L of water was applied at the same time as the plots receiving fertilizer. Additional detailed information about the study site and the N fertilization experiment can be found in Song et al. (2012 .
Phenology monitoring
Most of plant species in this meadow flower in the middle of July, and fruit in the middle of August. Some sedge species such as Kobresia humilis flower at the end of May, and fruit in the middle of June (early-flowering species). Others flower at the beginning of August and fruit at the end of August (lateflowering species). Phenology monitoring was conducted only within the control plots and the plots with the highest N rate (7.5 g N m −2 yr −1 ) of all three N forms (ammonium, nitrate and ammonium nitrate). Twelve plots were thus included in the phenological measurements (n = 3 for each treatment).
In each plot we selected the eight most common plant species in the alpine meadow to monitor, including two dominant grass species (S. aliena and Elymus nutans with mean cover of 23% and 7% in plots, respectively), one co-dominant sedge species (K. humilis with mean cover of 6%) and five common forb species (Gentiana straminea, G. lawrencei, Potentilla nivea, Thalictrum alpinum and Taraxacum pingue with mean cover of 4%, 2%, 3%, 3.5% and 4%, respectively). The target species were the representative species in each functional group, and cover of the eight species amounted to over 70% of the community cover. For each of the eight species and in each plot, eight individuals were randomly selected on 1 May 2013 and each marked with a color-coded tag. The selected individuals were located outside the central 1 × 1 m 2 area used for longterm monitoring of species richness (Song et al. 2012 . They were monitored every 2 to 3 days from May 5 until October 27, 2013. We monitored and recorded seven phenological phases for forbs, including (i) flower budding (the date of the first flower budding characterized by a small flower bud with folded sepals; Dorji et al. 2013) , (ii) initial flowering (the date when some of the flower petals unfolded), (iii) flowering (the date when flower petals completely unfolded; Dorji et al. 2013) , (iv) fruiting (the date when flower petals completely dropped off), (v) fruit ripeness, (vi) fruit abscission (Price and Waser 1998) and (vii) senescence (the date when half of the leaves died). For grass and sedge species we recorded five phases, including (i) spikelet development (the date of spikelet out of boot), (ii) flowering (the date of the anther exerting), (iii) fruiting (characterized with seed developing), (iv) inflorescence abscission (the date when the inflorescence dropped off) and (v) leaf senescence (the date when half of the leaves died; Morin et al. 2010; Sherry et al. 2007 ).
Statistical analysis
For G. lawrencei and G. straminea, no flowing or fruiting phase was observed. Their shoots went through the vegetative growth phase and died at the end of the growing season in 2013. Thus these two species were not included in the analyses.
For each of the other six species that we monitored, we calculated the day difference in each phenological phase between the control and each of the three N form treatments. We subtracted the Julian day of the phenological phase of each individual in a N form treatment by the average value of the phenological phase of the 24 individuals in the three control plots. Positive values of the date differences indicate that the phenological phases were delayed in the N addition treatments compared to the control, and negative values indicate that the phenological phases were advanced. The four phenological phases in the grasses and sedges, i.e. spikelet developing, flowering, fruiting and inflorescence abscission, corresponded to flower budding, flowering, fruiting and fruit abscission in the forb species.
We used nested analysis of variance (ANOVA) to test effects of species identity (six species), N form (ammonium, nitrate and ammonium nitrate), species identity × N form, plot and species × plot on the difference in phenology of each of the four phenological phases (spikelet developing/flower budding, flowering, fruiting and inflorescence/fruit abscission) shared by all species. In these models, species identity, N form and their interaction were treated as fixed factors, plot and its interaction with species were included as random factors, and plot was nested within N form (Table 1) . Then for each species we also used nested ANOVA followed by Duncan's new multiple range test to compare the day difference of each phenological phase among the three N form treatments. We also used nested ANOVA to test whether a N treatment significantly advanced or delayed a phenological phase of each species compared to the control. We used nested ANOVA followed by Duncan tests to compare temporal dispersion of the phenological phases among the six species for each of the four N treatments. In these analysis, the senescence phase was not included, as leaf senescence in some species was not natural death. An abruptly low temperature at the end of growth season usually results in the green leaves to die simultaneously. All statistical analyses were performed by SAS9.2 (SAS Institute Inc. 2009). The given are degree of freedoms, F-values and the significance levels (*P ≥ 0.1, **P < 0.1, ***P < 0.5, ****P < 0.01 and *****P < 0.001). Species, N form and their interaction were treated as fixed factors, plot and its interaction with species were included as random factors, and plot was nested within N form.
RESULTS

Effects of N addition on reproductive phenology
Nitrogen (N) addition significantly affected plant phenology, but this depended on the species, the N chemical form applied and the phenological phase. Compared to the control, fertilization with ammonium significantly delayed the flowering and inflorescence abscission phases of S. aliena (Fig. 1A) , but advanced inflorescence abscission of E. nutans (Fig. 1B) . Fertilization with nitrate significantly delayed the senescence phase of E. nutans (Fig. 1B) . N fertilization, irrespective of its forms, did not affect the timing of the reproductive phases of K. humilis (Fig. 1C) . The flowering phase of S. aliena was delayed more when fertilized with ammonium than when fertilized with nitrate or ammonium nitrate (Fig. 1A) , but the senescence phase of E. nutans was delayed more in the nitrate treatment than in the ammonium treatment (Fig. 1B) .
Compared to the control, fertilization with ammonium significantly delayed initial flowering and fruit ripeness of T. alpinum, but advanced its senescence (Fig. 2A) . Fertilization with nitrate also significantly advanced senescence of T. alpinum, and fertilization with ammonium nitrate delayed its fruit ripeness ( Fig. 2A) . Compared to the control, both ammonium fertilization and nitrate fertilization markedly advanced initial flower and fruiting of P. nivea, and nitrate fertilization also advanced its senescence (Fig. 2B) . Fertilization with nitrite significantly delayed flowering of T. pingue (Fig. 2C) . Initial flowering and fruit ripeness of T. alpinum were delayed more in the ammonium treatment than in the nitrate and the ammonium nitrate treatment, and that on its senescence was advanced more in the ammonium than in the ammonium nitrate treatment (Fig. 2A) . Compared to the ammonium nitrate treatment, the ammonium treatment advanced both initial flowering and fruiting (Fig. 2B) . ) with ammonium, nitrate and ammonium nitrate, respectively. of the six species (P > 0.05, data not shown). However, N fertilization significantly affected temporal dispersion of phenology among the six species (P < 0.05), and such effects depended on the N form and the phenological phase. For instance, compared to the control, fertilization with ammonium or nitrate increased the time interval of spikelet development between E. nutans and S. aliena, but fertilization with ammonium nitrate did not affect temporal dispersion of spikelet development/ flower budding among the six species (Fig. 3A) . Compared to the control, fertilization with ammonium or nitrate increased the flowering interval between P. nivea and T. pingue, but shortened that between T. pingue and E. nutans (Fig. 3B) . Fertilization with ammonium nitrate shortened the flowering interval between P. nivea and E. nutans and between T. pingue and E. nutans (Fig. 3B) . Compared to control, ammonium fertilization increased the fruiting interval between E. nutans and S. aliena and between P. nivea and S. aliena, but fertilization with nitrate or ammonium nitrate had no effect on temporal dispersion of the fruiting phase (Fig. 3C) . Ammonium fertilization increased the inflorescence abscission interval between E. nutans and S. aliena, but shortened that between E. nutans and P. nivea (Fig. 3D) ; it also shortened the fruit abscission interval between T. alpinum and K. humilis and between T. alpinum and T. pingue (Fig. 3D) . Nitrate fertilization shortened the fruit (inflorescence) abscission interval between P. nivea and E. nutans and between P. nivea and S. aliena compared to the control (Fig. 3D) . Fertilization with ammonium nitrate did not affect temporal dispersion of the inflorescence (fruit) abscission phase among the six species (Fig. 3D ).
Effects of N addition on temporal dispersion of phenology
DiSCUSSiON
While we did observe a delay in phenological phases of the late-flowering grass species when nitrogen (N) was added, Asterisks indicate significant differences between the control and the N form treatments; different letters indicated significant differences among the three N form treatments (n = 3). Treatment codes are described as in Fig. 1. we also observed a delay in phenological phases of the earlyflowering forb species. Furthermore, advanced flowering and fruiting were observed only in one early-flowering forb (P. nivea). The species-specific responses of phenology depended on the N chemical form, and N fertilization affected temporal dispersion of reproductive phenology among the six species. Therefore, our results partly supported the hypotheses, suggesting that phenological complementarity could be a mechanism underlying resource partitioning and species coexistence in the alpine meadow with increased N availability of different chemical forms.
Resources such as light, CO 2 , soil water and nutrients can affect plant phenology (Cleland et al. 2006; Cornelius et al. 2013; Hautier et al. 2009; Johnson 2010; Liancourt et al. 2012; Spence et al. 2014; Zhang et al. 2007) . Previous studies have shown that increasing resources delayed the switch from growth to reproduction in grasses (Cleland et al. 2006; Smith et al. 2012; Xia and Wan 2013) , and advanced, delayed or had no impact on phenology of forbs (Carter and Peterson 1983; Garbutt and Bazzaz 1984; Reekie and Bazzaz 1991; Rusterholz and Erhardt 1998) . Consistent with previous studies (Carter and Peterson 1983; Cleland et al. 2006; Rusterholz and Erhardt 1998) , increasing ammonium availability delayed flowering and fruiting of S. aliena, i.e. the dominant grass in the N-fertilized communities, and advanced flowering and fruiting of the forb P. nivea. However, increasing ammonium availability delayed flowering of the forb T. pingue and both flowering and fruiting of the forb T. alpinum. Thus, the delayed phenological responses to N fertilization were not limited to the specific growth form of grass.
The switch from the vegetative to the reproductive phase is characterized by the shifts in allocation and subsequent declines in nutrient uptake (Veresoglou and Fitter 1984) . In nutrient-rich habitats, plant species generally invest more resources to and spend longer time on vegetative growth (Anderson et al. 2012; Anten 2005) . This may be especially Figure 3 : effects of N fertilization on temporal dispersion of the four reproductive phenological phases among the six species. Different letters indicate significant differences among the species (n = 3). Treatment codes are described as in Fig. 1. true for late-flowering grass species. In the alpine meadow community, most grass species are capable of clonal growth, and thus could extend their vegetative growth phase to increase their abundance (dominance) under increased N availability (Haggerty and Galloway 2011) . On the other hand, P. nivea is short rosette plant and flowers relatively early. Such an early-flowering strategy is presumed to help it to avoid fierce light competition with grasses (Cohen 1971; Levin 2009 ). Thus, advanced initial flowering and fruiting of P. nivea caused by N fertilization may be advantageous for this species to avoid stronger light competition in the middle of the growing season under N addition.
Many studies have examined impacts of warming on plant phenology (e.g. Inouye 2008; Kudernatsch et al. 2008; Menzel et al. 2006; Wipf et al. 2009 ). Increasing temperature advances plant phenology in most terrestrial ecosystems (Kudernatsch et al. 2008; Menzel et al. 2006) , including alpine ones (Inouye 2008; Wipf et al. 2009 ). However, in the Australian Alps, the timing of snowmelt only slightly affected flowering phenology of the tested plant species (Venn and Morgan 2007) , and spring warming resulted in a delay in spring green-up for steppe vegetation on the Tibetan Plateau (Yu et al. 2010) . Moreover, photoperiod other than temperature was found to be a key factor controlling alpine plant development in spring (Keller and Körner 2003) . Although alpine plants are generally N-limited due to slow soil organic matter decomposition because of low temperatures (Thornley and Cannell 2001) , increasing N availability advanced flowering and fruiting only in one forb species (P. nivea) in our study. In the North American prairie, warming advanced flowering and fruiting of nine early-flowering species and delayed those of three late-flowering species (Sherry et al. 2007 ). In the Inner Mongolian steppe, warming also advanced flowering and fruiting of the early-flowering species Potentillaacaulis, and N addition delayed flowering of Heteropappus altaicus and fruiting of Agropyroncristatum (Xia and Wan 2013) . In our study, 9 years of fertilization with ammonium advanced flowering of P. nivea for 8.0 days and delayed flowering of S. aliena for 4.5 days in the alpine meadow. The shifts in phenological phases caused by N addition are comparable to those caused by warming. However, the physiological mechanisms underlying such phenological shifts may differ and need to be investigated in future studies.
Temporal dispersion (complementarity) in phenology is an important mechanism underlying resource partitioning and species coexistence in diverse plant communities (Rathcke and Lacey 1985) . Asynchronous responses among species to environmental changes could lead to an alteration in species interactions, nutrient capture and productivity (Cleland and Harpole 2010) . For instance, during the middle of the season, gaps in flowering and fruiting in a community decreased phenological complementarity and could create an open phenological niche for invasive species (Cleland et al. 2006; Sherry et al. 2007 ). In our study, temporal dispersion in reproductive phenology is different among the six species without N fertilization (Fig. 3) . Although increasing N availability did not change the duration between flower budding and senescence, differences in temporal dispersion of the flowering and fruiting phases were detected among the six species, especially among the late-flowering species, after the 8 years of N fertilization. Meanwhile, N fertilization caused shifts in species composition, such as dominance of grass species S. aliena and E. nutans increased markedly, while abundance of forb species P. acaulis and G. lawrencei decreased, and abundance of other forb species and sedge species K. humilis kept relatively stable after experiencing 8 years N fertilization (based on community survey in 2013). Therefore, we assume that temporal differences in phenology may reduce the overlap in flowering and fruiting among alpine plant species, thereby increasing phenological complementarity and facilitating coexistence (Cleland and Harpole 2010) . However, we found that the difference in senescence among the six species decreased after the 8 years of N fertilization. In the alpine meadow, the leaves of the species remained green when the growing season was close to an end, but the sudden low temperature drove the leaves to a simultaneous death. It is possible that N fertilization led to the delay in senescence, but the low temperature at the end of the growing season prevented the species from staying green longer. As a consequence, we failed to record a delay.
The effects of ammonium fertilization on reproductive phenology of the alpine plants were much stronger than those of nitrate fertilization or ammonium nitrate fertilization. In this alpine meadow, most plant species took up more ammonium than nitrate because the soil contained much more ammonium than nitrate in the growing season (Song and Yu 2015) . Therefore, fertilization with ammonium may alleviate plant N limitation more efficiently in this alpine meadow. This likely explains why most significant effects on phenological phases were observed when ammonium was added. Moreover, ammonium fertilization tended to reduce the overlap of reproductive phenology and thus increase phenological complementarity among the six species, especially among the late-flowering species. On the contrary, fertilization with ammonium nitrate had the tendency to increase the overlap of flowering among the late-flowering species.
We conclude that long-term N fertilization can affect plant phenology, but the direction and the extent of the effects strongly depend on species and N chemical forms. To our knowledge, this study is the first to show that long-term fertilization with different N forms can cause shifts in plant phenology. Such shifts may increase phenological complementarity and thus contribute to species coexistence under increased N availability with different chemical forms.
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